(Submitted for publication March 4, 1958 ; accepted May 2, 1958) Although much is known about the effects of changes in electrolyte and water balance on serum sodium concentration, the quantitative relationships between body composition and the concentration of sodium in serum have not been established. Also, no definitive study has been made of the correspondence between serum sodium concentration and total serum osmolarity. It is necessary that these relationships be defined to permit classification and interpretation of abnormalities of serum sodium concentration in clinical states, as well as to extend present understanding of the effects of electrolyte equilibria and acid-base disturbances on serum sodium concentration.
It has been definitively demonstrated that no overall correlation exists between body sodium content, or external balance of sodium, and serum sodium concentration (1) (2) (3) (4) . Serum sodium concentration, of course, is not independent of loss or gain of body sodium. Excessive loss of sodium leads to a fall in serum concentration; administration of hypertonic saline elevates serum levels (5) (6) (7) (8) . Retention of water in excess of sodium has been shown to occur, and accounts, at least in part, for the hyponatremia seen after major surgery and in patients with coexistent edema and hyponatremia (3, 4, 9) . This phenomenon has been demonstrated experimentally by administration of vasopressin to patients with congestive heart failure (10) . An integrated account of concomitant alterations in serum sodium concentration and body composition was first achieved by Deming and Gerbode (11) , who observed that changes in serum sodium concentration paralleled net changes of sodium and potassium balance in relation to water balance in patients undergoing mitral valvulotomy. The influence of potassium balance on serum sodium concentration was confirmed by correlative studies in postoperative hyponatremia and by demonstration that administration of potassium can raise the serum sodium concentration in hyponatremic patients (4, 7, 12) .
The dependence of serum sodium concentration on body sodium, potassium and water content has several important implications. The magnitude and character of this dependence will modify or extend current concepts of ionic redistributions between body fluids, of osmotic gradients across cell membranes, and of the participation of hydrogen ion in the regulation of serum sodium concentration (13) (14) (15) (16) (17) .
Simultaneous measurements of total exchangeable sodium (Nae), total exchangeable potassium (Ke), total body water (T.B.W.), and serum electrolyte concentrations, pH and osmolarity were made in a heterogeneous group of chronically ill patients. Statistical analyses were made of the correlations of serum sodium concentration (Na8) with serum osmolarity (7r.), Na8/body weight, Ke/body weight, T.B.W./body weight, Nae/ T.B.W., Ke/T.B.W. and (Nae + K8)/T.B.W.
These data reveal striking correlations between Na8, 7rs and (Nae + Ke)/T.B.W.
METHODS
Ninety-eight patients were studied. The age, sex, state of hydration of these subjects and the clinical diagnoses are listed in Table I . Maximum heterogeneity in 1236 
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Arteriosclerotic heart disease +3 7  67  10  66  11  76  12  68  18  55  21  60  23  51  25  67  26  58  27  89  36  72  37  79  42  71  47  54  49b  86  51  84  53  54  61   71  75  66  78  40  80  82  80a  75  82  53  90  60  93  74  94   77  56  54  57  46  58  40   67a  27   94a  33   2  3  6  8  13  16  19  20  22  24  29  30  35  38  43  44b  48a  50   60  66  67  71  73  79  81  84  86  87   88  89  91  92 TABLE I (18, 19) . Serum osmolarity All subjects were given an analyzed diet which con-(Tr) was estimated by freezing point depression with a tained 10 mEq. of sodium and 28 mEq. of potassium each thermistor probe, using NaCl standards (20 rhosis of the liver (34) . The estimated contributions of plasma NPN and plasma glucose to serum osmotic activity were subtracted to evaluate the separate relationship of Na'8 to ir'8; this is demonstrated in Figure 2 . The correlation coefficient of this relationship, r = 0.97 (see Table IV and Figure 2) , shows the primary dependence of Ir'8 on Na'8, as has long been assumed (35) . The data in patients who died within two weeks of study did not differ from those in the remaining patients. This is in contrast to the findings of Rubin, Braveman, Dexter, Vanamee and Roberts (36) , who noted hyperosmolarity of plasma in critically ill patients in excess of measured solute concentration. The data in Figure 2 
Serum sodium concentration and body composition
Variations in serum sodium concentration often parallel variations in sodium balance, but we found no correlation between Na'8 and Nae/body weight (r = 0.003). This confirms many similar studies in the past (1-4, 6 ). The negative result, however, does not explain the known effects of alterations in sodium balance on Na8.
Potassium balance modifies the level of Na8, but as shown in Figure 3 the correlation between Na'8 and Ke/body weight (r = 0.20) is minor. Therefore, differences in body potassium alone would not account appreciably for the variations in Na8 in this group of subjects. Figure 4 is a scattergraph of Na'8 as a function of total body water expressed as per cent of body weight. The Figure 5 . The coefficient, r = 0.27, indicates only minimal correlation of Na'. with the ratio of body sodium to body water.
Since an inverse relation between retention of water and serum sodium concentration has been noted during periods of negative potassium balance, Na'8 may be related to the ratio of Ke to T.B.W. Figure 6 log plots of Na'9 to Nae/T.B.W. and to KE/T.B.W.
are equally disappointing. The partial correlation of Na'8 with Nae/T.B.W. and with Ke/T.B.W., as well as the evidence that body sodium, body potassium and body water affect Na8, suggests that osmotic adjustments between body fluids may determine the relationship of Na8 to body composition (7, 11, (38) (39) (40) (41) . The precise correlation between Na'8 and 7''8 may be paralleled by a similar correlation between intracellular osmolarity and intracellular K+ concentration. The ratio (Nae + Ke)/T.B.W., therefore, may be a primary determinant of Na'8, provided that water is passively distributed across cell membranes. This hypothesis is tested in Figure 7 . The high degree of correlation between Na'8 and (Nae + Ke)/T.B.W. is obvious and in striking contrast to the lesser correlation of Na'8 to the separate elements in this ratio. The coefficient r = 0.83 is especially impressive since there must be a propagation of methodological errors in calculating this ratio. Figure 8 demonstrates the same high degree of correlation between zr'8 and (Nae + Ke)/T.B.W., and Table IV lists the statistical data describing these relations. The likelihood that these findings are chance phenomena is extremely small. Indeed, the correlation coefficents [r = 0.83 and r' = 0.92 for Na ' Table   IV ). These variations from regression are partly, The regression relation between Na', and (Nae + Ke)/T.B.W. and between 7rT and (Nae + Ke)/ T.B.W., despite the high correlations, may include two or more populations. At least two sets of circumstances may alter the quantitative dependence of Na', or 7r'. on (Nae + Ke)/T.B.W.: a) acidbase disturbances and b) osmotic inequalities between cells and extracellular fluid (ECF). Bone sodium consists of exchangeable and nonexchangeable fractions, and most of the exchangeable bone sodium is osmotically inactive (15) . Since acidosis will considerably reduce bone sodium content (17, 42), acid-base disturbances may shift the relationship between Na', and body composition. Figure 9 depicts the distribution of Na', versus (Nae + Ke)/T.B.W. in subjects with arterial pH < 7.36 and in a second group with arterial pH > 7.48. Although the observations are too few to allow definite conclusions, there is no apparent deviation or variation from the general regression equation, and most of the data fall within + 1 S.,. The quantitative relation between Na', and (Nae + Ke)/T.B.W., therefore, appears to be independent of arterial pH. Osmotic inequalities among body fluids may influence this relation. Hyperglycemia particularly, and to a lesser extent azotemia, may be associated with transient or possibly even sustained osmotic differences across cell membranes (38, 41) . Accordingly, Figure 10 shows the relation of Na'8 to (Nae +Ke)/T.B.W. in patients with NPN > 50 mg. per 100 ml. of plasma or with glucose > 130 mg. per 100 ml. of plasma. There is no apparent deviation from the general regression equation, and no separation into different populations. The data summarized above indicate that Na'8 predominantly reflects the ratio of (Na, + Ke)/ T.B.W. and that this correlation is independent of differences in the pH of extracellular fluid or in glucose or NPN concentrations. The regression equation of this relation has a slope of 1.11 (see Table IV ) and implies almost In three instances serial observations were made. The results, summarized in Table V , confirm the prediction of proportional changes between Na'8 and (Nae + Ke)/T.B.W. independent of the presence or absence of edema. The proportionality to changes in I'l is also obvious. These data confirm the report of Deming and Gerbode (11) on the synchronous changes in Na8 and sodium, potassium and water balance in patients after mitral valvulotomy and of Wynn (39) Figure 11 ).
The slope, 0.83, and the intercept, 0.1, are in excellent agreement with the derived prediction (Equation 7), considering that in the earlier study (4) (38) , and account for the apparent discrepancies between 7r. and Na3 reported by Talso and associates (34) and by Rubin and associates (36) . The Figures 3 through   6 ). The linear correlation between Na'8 and (Nae + Ke)/T.B.W. (r = 0.83, r' = 0.92) accounts for the reported effects of each of these components of body composition on Na8 (1-12, 14, 34, 38, 39) . That Na'3 is a reflection of the ratio of the sum of exchangeable monovalent cation (Nae + K8) to T.B.W. is confirmed by the approximately 1: 1 correlation between sequential changes in Na'8 and (Nae + Ke)/T.B.W. in the same individual (see Table V and Figure 11 ).
In 1944, Elkinton, Winkler and Danowski (43), using Na8 as the primary index of ECF osmolarity, tested the hypothesis of body fluid iso-osmolarity by comparing the sum of sodium balance (b.Na) and potassium balance (b.K) with the change in total osmotically active base. The expression they derived relating total base balance to changes in Na8 and in T.B.W. is: Figures 9 and 10 ). These data do not exclude the possibility that factors other than Nae, K8 and T.B.W. alter Na8. To demonstrate the existence of such factors, however, it would be necessary to show changes in Na'8 independent of changes in the ratio (Nae + KE,)/T.B.W. The concept of internal redistribution or "shifts" in electrolytes, so often invoked to explain changes in Na9 in disease states, needs to be re-examined since no evidence for the existence of such shifts without simultaneous changes in the amounts of sodium, potassium or water in the body is apparent in our data or in those referred to above (11, 39) .
The relationships between 7T', Na'5 and (Nae + Ke)/T.B.W. are compatible with the concept of a passive distribution of water across cell membranes in proportion to solute activity. The possibility of parallel changes in intracellular and extracellular osmolarity with either a constant ratio or a constant difference between phases is not definitively excluded, but seems unlikely. Current evidence indicates that there are no sustained osmotic gradients across cell membranes, although transient gradients occur almost continuously as a result of cellular metabolic activity and absorption of ingested solute and water (8, 38, 39, 40, 4 447 ). The influence of potassium on Na, is presumably a reflection of its contribution to intracellular osmolarity. The zero intercept of the regression equation for Na'5 versus (Na, + KIC) /T.B.W. is a negative constant (-25.6 mEq. per liter), which probably is a measure of the quantity of osmotically inactive exchangeable sodium and potassium per unit of body water. Since body water in this group of subjects averaged 36.1 liters (see Table  III ), the estimated osmotically inactive Na + K is approximately 920 mEq. Osmotically inactive exchangeable bone sodium, which is about 750 mEq., probably accounts for almost all of this quantity (15) . The calculated ratio of osmotically inactive to total exchangeable potassium, therefore, is less than 10 per cent (i.e., -170/2099), which suggests that there is little or no discrepancy between exchangeable and osmotically active potassium. However, this calculation is valid only if Na, and (Nae + Ke)/T.B.W. are linearly related over the entire range of their possible values.
Figures 7, 9 and 10 indicate that Na'8 reflects the proportion of (Nae + Ke) to T.B.W. This observation provides a rational basis for the classification of hyponatremic and hypernatremic states. Hyponatremia may reflect either a) primary sodium deficit, b) primary potassium deficit, c) primary water excess or d) combinations of these. Conversely, hypernatremia may reflect either a) primary sodium excess, b) primary potassium excess, c) primary water deficit or d) combinations of these. Hyponatremia in patients with gastrointestinal fluid loss probably results from loss of sodium and potassium (16, 48, 49) . Hyponatremia in edematous subjects, on the other hand, appears to be a consequence of the loss of potassium and gain of water, as exemplified by Patients 28 and 47a in Table V . This pattern is also prominent in postoperative hyponatremia; in all but 2 of the 11 patients studied by Wilson and associates, (4) the postoperative fall in Na, was associated with a rise in Na, a fall in Ke, and a rise in T.B.W. Hypernatremia has not yet been studied in terms of these components of body composition, but relative or absolute body water depletion is probably its most frequent cause. Diabetes insipidus and water deprivation are two classical examples of this state. Primary excess of potassium is probably not involved in the pathogenesis of hypernatremia, inasmuch as no instance of an abnormally high body potassium content as a consequence of disease has been reported (1, 18) . However, reversal of hyponatremia by potassiumloading in patients who presumably were potassium-depleted has been observed (12) , and this strategem promises to be valuable in the treatment of this disturbance in edematous subjects (7) .
The correction of the hyponatremia presumed to result from sodium depletion is usually based on the formula: Na deficit = (140 -Na.)T.B.W.
9)
This equation, which is supported by clinical experience, is based on the assumption that isotonic conditions prevail throughout body water (7) . Wolf and McDowell (40) 25.6 , which appears as a consequence of the difference between total exchangeable cation and total osmotically active cation. A similar set of equations may also be derived from Equation 8. Our data, therefore, provide an experimental basis for the formulas used in clinical manipulations and demonstrate the coordinated influence of the three major components of body composition on serum sodium concentration.
SUMMARY
The relationships between serum sodium concentration (Na.), serum osmolarity (Xr.), total exchangeable sodium (Na,), total exchangeable potassium (K.) and total body water (T.B.W.)
were explored by simultaneous measurements in a heterogeneous group of chronically ill patients.
Serum osmolarity correlates closely with serum sodium concentration expressed as mEq. per liter of serum water (Na'.) when appropriate corrections are made for the osmotic contributions of glucose and nonprotein nitrogen (NPN). Serum sodium concentration is only partially or poorly correlated with total exchangeable sodium/body weight, total exchangeable potassium/body weight, total body water/body weight, total exchangeable sodium/total body water and total exchangeable potassium/total body water. A high degree of correlation, however, exists between serum sodium concentration (Na',) or "corrected" serum osmolarity (7r'.) and the ratio (Nae + Ke)/ T.B.W. This relation is confirmed by the high correlation between the simultaneous serial differences in Na'. and (Nae + Ke)/T.B.W. The regression of Na'. on this ratio appears to be independent of arterial pH, plasma glucose or plasma NPN concentrations.
The implications of these data with respect to osmotic gradients in various components of body water and to evaluation of osmotic activity of body potassium are explored. Body water appears to be passively distributed in proportion to osmotic activity, and all or almost all of body potassium is osmotically active.
A classification scheme for hyponatremia and hypernatremia is presented, and equations for estimating sodium deficits are derived.
